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Abstract 
 
Orbital angular momentum beam has been recognized as a new applicable resource in classical and 
quantum information aspects. One of the examples of orbital angular momentum beam is a Laguerre 
Gaussian beam. We studied the Laguerre Gaussian beam both theoretically and experimentally. A 
Gyrotron is one of the millimeter wave generator which has properties of high power and frequency 
millimeter wave generation. Using the device, we generated a high power 95GHz Gaussian beam and 
the beam transformed as a Laguerre Gaussian beam after passing through an optical device. In this 
thesis, we use a spiral phase plate with ladder form to generate Laguerre Gaussian beam, and fabricated 
spiral phase plates can create the Laguerre Gaussian beams which has topological charge one or two. 
We analyzed that Laguerre Gaussian beams and detected the characteristics of the beam intensity and 
phase. In addition, we conducted Young’s double slit experiment to identify the phase of the beam in 
the high power condition. The generated interference patterns imply what beam’s phase is. The aim of 
this work is to study a high power orbital angular momentum beam for applications and a method for 
phase detection with optical technique. This thesis deals with the study of the orbital angular momentum 
in a high power beam observation, which give additional information about those already inferred from 
the analysis of the intensity, frequency, and polarization of the beam. Indeed, the primary purpose of 
this work is that study of orbital angular momentum at the millimeter. The first part of the thesis handles 
theoretical background of orbital angular momentum and characteristic of the electromagnetic wave. 
The second part deals with an experimental verification of orbital angular momentum beam and several 
techniques for detection the phase of orbital angular momentum beam. Finally, all conducted results of 
the experiment are presented, and we discuss it in third and fourth sections. 
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Chapter 1  
 
The Introduction 
 
This chapter discusses the motivation for studying high power Laguerre Gaussian (LG) beam generation 
and detection. Also, each section summarizes the theoretical background of LG beam. 
 
1.1 Motivation 
 
The electromagnetic waves can be described that they have three significant quantities; energy, linear 
momentum and angular momentum like particle has. Among three essential things, we concentrate on 
the property, electromagnetic angular momentum. The light angular momentum consists of two parts. 
One is spin angular momentum (SAM) which has position independence and the other one is orbital 
angular momentum (OAM) which depends on the position [1]. It is a common feature of light that 
angular momentum can be naturally decomposed into SAM an OAM part. Especially, a Laguerre 
Gaussian (LG) beam is one of the beams can carry an OAM, and it is commonly referred to as doughnut 
or annular beam, has cylindrically symmetric set of Eigen modes [2]. In contrast to other beams, LG 
beam has a unique property of an angular momentum component that is independent of polarization. 
Also, the Pointing vector’s helical traces from the azimuthal phase shift and the features give LG modes 
[2]. Per LG modes, the beam has different number of azimuthal indices, so the separated azimuthal 
indices allow that scientists attempt a lot of research. The doughnut shape beam is a very attractive topic 
for various research fields. Allen starts this electromagnetic field investigation work and found that LG 
beam [3]. After that, several research field have been proposed toward these OAM. Such as optical 
communication, OAM manipulation, imaging, astronomy, trapping and rotating of micro particles, and 
atom-light interaction has been studied [4,5,6]. Even though a lot of interest in OAM beams and great 
potential, studies of OAM at millimeter and radio wavelengths have been less popular. Besides, radio 
frequency OAM fields found possibility of transmitting information from point to point over a single 
frequency. It has also been suggested that OAM fields can be detected in millimeter and radio wave 
astrophysical sources, such as rotating black holes, masers, and possibly the cosmic microwave 
background radiation [7]. Overall, the study of LG beam in high power environment is meaningful. 
 
 
1.2 Orbital angular momentum beam 
 
The main characteristic of electromagnetic waves must satisfy Maxwell’s equations, and the traits 
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define the shape of the beam and various modes [8]. James Clerk Maxwell combined four important 
laws; Gauss’s law, Gauss’s law for magnetism, Faraday’s law, and ampere’s law [8]. These equations 
are necessary element for examining electromagnetic waves. The full descriptions of the 
electromagnetic wave are given by; 
 
 ?⃑? ∙ ?⃑? =
𝜌
𝜀0
 (1) 
 ∇⃑ ∙ ?⃑? = 0 (2) 
 ∇⃑ × ?⃑? = −
𝜕?⃑? 
𝜕𝑡
 (3) 
 ∇⃑ × ?⃑? = 𝜇0 (𝑗 + 𝜀0
𝜕?⃑? 
𝜕𝑡
) (4) 
 
where E, B, 𝜀0 and  𝜇0  are the Electric field, magnetic field, permeability and permeability in the 
vacuum, respectively. Note that this is SI (MKS) system. The speed of light is 𝑐 = (𝜀0𝜇0)
−
1
2 in the 
vacuum. From these fundamental equations, we can infer the beam traveling in the space with speed of 
c. In Maxwell’s theory, the electric field E and the magnetic field B can be derived. However, just as in 
mechanical point of view, expression between scalar potential and vector potential is more convenient. 
Here are the definitions of the generalized electrodynamic potentials in time dependent situation; 
 
 ?⃑? (𝑥 , 𝑡) = −∇⃑ 𝜙(𝑥 , 𝑡) −
𝜕
𝜕𝑡
𝐴 (𝑥 , 𝑡) (5) 
 ?⃑? (𝑥 , 𝑡) = ∇⃑ × 𝐴 (𝑥 , 𝑡) (6) 
 
where 𝜙 and A are called the electrodynamic scalar potential and electrodynamic vector potential 
respectively.  
In electromagnetic theory, a wave carries energy and momentum [8]. The existence of an electric field 
E and a magnetic field B in a spatial domain causes a certain amount of the energy present. Besides, it 
is distributed in that volume of space with density u ; in homogeneous medium the instantaneous 
electromagnetic energy density is  
 
 u =
1
2
𝜀𝐸2 +
𝐵2
2𝜇
 (7) 
 
where 𝜀 is the dielectric constant and 𝜇 is the magnetic permeability of the medium. This equation is 
convenient to define the electromagnetic energy flux in traveling through a surface perpendicular to the 
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direction of wave propagation.  
The OAM beam has dependent on the field spatial distribution without polarization dependence [9]. It 
can be decomposed internal and external OAM. The internal OAM is an origin independent angular 
momentum of a beam which gives a helical or twisted wave-front shape. The external OAM is the origin 
dependent angular momentum which comes from the cross product of the beam position and its total 
linear momentum. Humblet showed that the total angular momentum of a monochromatic wave can be 
described as two terms [9]  
 
 L =
𝜀0
2𝑖𝜔
∑ ∫(𝐸𝑖∗(𝑟 × ∇)𝐸𝑖)𝑑3𝑟
𝑖=𝑥,𝑦,𝑧
 (8) 
 S =
𝜀0
2𝑖𝜔
∫(𝐸𝑖∗ × 𝐸)𝑑3𝑟 (9) 
 
The first term is OAM which is frame dependent. On the other hand, the second term is entirely 
independent of the frame which called SAM. Moreover, when light beams carrying angular momentum, 
angular momentum can be transferred on the particle. These interactions with matter cause helical phase 
front according to the l, azimuthal index. In quantum theory, helical phase fronts carry an OAM of lℏ 
per proton. There are examples of carrying OAM beam is illustrating in Fig. 1-1. 
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Figure 1-1: When beams have helical phase fronts, their energy and momentum twist around the beam 
axis and the beam carries an OAM. (a) OAM positive one, (b) negative one, (c) negative two, and (d) 
positive two 
 
A beam carrying OAM has a phase in the transverse plane can be express as an equation,  
 
 ψ(r, ϕ) ∝ exp(𝑖𝑙𝜙) (10) 
 
In the cylindrical coordinate. Where 𝜙 is the angular coordiante and l can be a positive or negative 
integer. The electromagnetic field which is traveling direction of transverse to these phase fronts has 
axial components. Furthermore, each of the Pointing vectors always has an angular momentum around 
like the azimuthal component of the beam along the beam axis is parallel to the surface of the phase 
front. All of the beams which have helical phase fronts have an annular intensity cross section and these 
beams are sometimes called to as ‘doughnut shape beams’ [10]. 
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1.3 Laguerre Gaussian beam 
 
Most of LG beam is generated from Gaussian beam except the case of Hermite-Gaussian beam 
transformation. The LG beam which has helical shape of phase carries an OAM regardless of the radial 
distribution of the beam. However, it is useful to express most of the beams in a complete basis set of 
orthogonal modes. For OAM carrying beams, this is usually the Laguerre Gaussian mode set [11]; these 
modes have amplitude distributions. 
 
 
  U(r, 𝜙, z) =
𝐶𝑙𝑝
𝐿𝐺
𝑤(𝑧)
(
𝑟√2
𝑤(𝑧)
)
|𝑙|
exp(−
𝑟2
𝑤2(𝑧)
)𝐿𝑝
|𝑙| (
2𝑟2
𝑤2(𝑧)
) 
              × exp(−
𝑖𝑘𝑟2
2𝑅(𝑧)
) exp(−𝑖𝑙𝜙) exp(−𝑖𝑘𝑧) exp(𝑖𝜓(𝑧)) 
(11) 
 
The r is the radial distance from the center, and z is the axial distance from the focal point or beam waist 
position. Where 𝐿𝑝
|𝑙|
 are the generalized Laguerre polynomials, and 𝐶𝑙𝑝
𝐿𝐺 is a required normalization 
constant. The integers p and l are indices characterizing the different Laguerre Gaussian modes: the 
index l represents the number of helices. There are several phase and intensity profiles of LG modes are 
presented in Fig. 1-2 and 1-3. In the Fig. 1-2, intensity profiles don’t have the positive or negative 
distinction. However, in the Fig. 1-3, the phase profiles can be distinguishable and negative patterns are 
same as the reversed of positive patterns. When LG mode has l=0 and p=0, it is not different Gaussian 
modes that come from that the beam has no OAM. However, the surfaces of constant phase have helical 
form when the l ≠ 0. 
 
Figure 1-2: Intensity profile of (a) LG00, (b) LG10, (c) LG20, and (d) LG30 beam in dB scale 
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Figure 1-3: Phase structure of (a) OAM 0, (b) 1, (c) 2, (d) 3, (e) -1, (f) -2, and (g)- 3 
 
Traditionally regular solution of wave equation is used for analyzing the wave propagation. The 
Laguerre Gaussian modes also can be explained by the regular solution of wave equation. These 
solutions of mode give some singularities which are expressed as some points or lines in the space 
where the mathematical quantities describing the physical properties of waves. For example, a phase 
singularity is a point where the wave phase is undefined and intensity vanishes. In waves of beam, the 
phase singularities are called optical vortices. In an optical vortex point of view, a beam is twisted like 
a spring around its axis of traveling. Because of this twisted shape, the light waves at the axis there is 
no intensity exists. When observing the beam projected onto a flat surface, an appearance of optical 
vortex looks like a doughnut. The center is empty like a dark hole, and the border of the dark hole is red 
like a Fig. 1-2. This vortex often is given a number, called the topological charge. The number is decided 
depending on how many twists exist in a beam in one wavelength. The topological charge is all the time 
an integer, and it can be positive or negative depending on the direction of the twist. The higher 
topological charge means that the light is fast spinning around an axis, and this spinning carries OAM 
with the wave. Gaussian to Laguerre transformation is the normal way. There are various ways to 
generated optical vortices in a lab. Such as using computer generated holograms, spiral phase plate 
structures, or birefringent vortices in materials.  
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Phase singularities or dislocations or optical vortex are characterized by the fact that phase undergoes 
a changing of an entire multiple of 2𝜋 along a closed circuit C around the middle of the vortex. Thus, 
it becomes useful to define the concept of topological charge of an optical vortex. We remind that a 
complex scalar function to describe the field amplitude.  
 
We can express the equation in the following way: 
 
 u(𝑟 ) = |u(𝑟 )|e𝑖𝜒(𝑟 ) (12) 
 
where 𝜒(𝑟 ) represents the phase of the wave amplitude. The topological charge of the vortex is defined 
as the phase gradient around the singularity, so we define the topological charge as the following integral: 
 
 Q =
1
2𝜋
∮ ∇𝜒 ∙
 
𝑐
𝑑𝑠  (13) 
 
Which is positive if the phase grows up along the path of integration, and negative in the opposite case. 
It is evident that it turns out to be: 
 
 Q = l (14) 
 
So the topological charge of the vortex is a measure of the number of OAM of the beam. The phase 
variation along the closed path C circuiting the center of the beam is 2𝜋𝑙 so intensity must vanish in 
the middle of the beam so as to fulfill the wave equation. The value of 𝑙 is the number of times the 
phase undergoes a change of 2𝜋 in a wavelength, whereas its sign represents the handedness of OAM. 
 
1.4 Gyrotron 
 
A Gyrotron is a vacuum electronic device and is based on a phenomenon Electron Cyclotron Resonance 
(ECR) which is the interaction of instability of relativistic rotating electrons during the interaction, in a 
constant magnetic field with an electric field of the electromagnetic wave. A Gyrotron is one of the 
millimeter wave generator which has a capability of high power and high frequency. The structure of 
our Gyrotron is shown in Fig. 1-4. The cathode emits the electrons in the Gyrotron and then the electrons 
are accelerated in a high magnetic field of a superconducting magnet. The mode convertor transforms 
a beam from selected mode to a Gaussian beam and the cathode emit electron is going through the 
cavity then it radiated electromagnetic wave which has tons of electron volts through window. 
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Figure 1-4: Gyrotron 
 
A Gyrotron has found many applications in many different areas such as communication, military 
applications from radar to missile guidance systems, elementary particle acceleration, thermonuclear 
plasma devices, diagnostics, heating, and processing of different materials for example ceramics and in 
medicine [12]. The laboratory-made 95 GHz Gyrotron can generate a maximum power of 65 kW with 
a Gaussian beam shape.  
 
 
 
 
 
 
 
 
 
Output 
Window 
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Chapter 2  
 
Theoretical & Mathematical Development 
 
In this chapter, we discuss methods of LG beam generation and phase detection of the LG beam in high 
power condition and several techniques of LG beam detection have studied.  
 
2.1 Laguerre Gaussian beam generation 
 
There are several ways to generate LG beam. The LG beam is almost same as the Gaussian beam. The 
differences between both beams are phase shape and doughnut shape of intensity so most of the method 
is using the process that Gaussian beam to LG beam transformation. In this section, several LG modes 
generation methods will be introduced. 
 
2.1.1 Spiral Phase Plate 
 
The simplest way to the generation of LG beam is using a Spiral Phase Plate (SPP). The SPP is a circular 
device whose thickness is depending on the position of an azimuthal index. An SPPs for light beams 
have been fabricated by conventional machining and optical or electron lithography [13]. These kinds 
of methods depend on the type of material or beam wavelength because the step heights are increased 
by azimuthal angle. However, the thickness of SPP requires extreme precision in the pitch of helical 
surface. Theory of this optical device is relatively simple. Passing a plane wave like Gaussian beam 
through a SPP and the input beam is transformed to LG beam. For this reason, using this SPP is the best 
way to generate the high power LG beam. The shape of SPP is a disk which is a dielectric material and 
front side is flat and other side is stair shape the stars are increased gradually along the azimuthal angle. 
The example is present in Fig. 2-1. 
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Figure 2-1: The structure of SPP, h is the total height, r is a radius of the device, and θ is an 
azimuthal angle. 
 
This equation determines the total height of SPP 
 
 
lλθ
2π(n − 1)
 (15) 
 
where n is the refractive index of the medium. The topological charge can be simply manipulated by 
increasing the total height. If the beam wavelength is not much short, the fabrication of SPP is not 
complicated. In a case of topological charge is increased, the total height also increased because the 
azimuthal angle is decided from the equation. However, the increase of the total height can occur 
transmittance rate, reflection, and power loss problem. There is another form of SPP also developed by 
a group [14]. One of the structure is compared in Fig. 2-2. The main working process is same as the 
origin SPP but the only different thing is that the spiral structure has divided parts in accordance with 
vortex line. 
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Figure 2-2: Schematic picture of (a) an original SPP form and (b) a new form of SPP 
 
This new form of SPP has a benefit for generation of high order LG modes theoretically but over LG020 
mode generation is impossible because of limitation of fabrication. 
 
2.1.2 Hologram 
 
A helical phase profile exp(𝑖𝑙𝜙) can convert a Gaussian beam into a LG beam. The commonly used 
way to generate the LG beam is the hologram method. There are various kinds of hologram methods 
have developed. Computer generated holograms and forked diffraction gratings are normally used 
because of their efficiency [15-16]. Computer generated holograms and forked diffraction gratings 
method are same based technique. Also, this technique can cover both the l and the p value of generated 
beams effectively so that it can be available in the commercial area. The result is a diffraction grating 
that produces the desired beam in the first diffraction grating that produces the preferred beam in the 
first diffraction order. To act as holograms, some kinds of pixelated liquid crystal devices are supposed 
to be programmed through a video interface by computer [15]. Because the images are displayed by the 
computer interfacing method, it has advantages of easiness that the changing their design. Computer 
generation method of holograms and their application for the generation of particular beams is of course 
not restricted to pure helical modes [15]. This method is a general technique that possibly applied to all 
types of complex beams or those beam’s superposition. However, generally the computer hologram 
design is more complicated than a simple phase mask alone. Holograms which went through precise 
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processing have the complex far-field patterns of the expected objects or beams and as such are defined 
concerning both their phase and intensity. For many kinds of simple beams, it is sufficient to determine 
only the phase, assuming a uniform illumination. Besides, the far field of the hologram which is from 
Fourier transform is a close approximation to the target beam. 
 
2.1.3 Mode converter 
 
Laguerre Gaussian modes have been generated directly from SPP or hologram. However, the modes are 
often directly obtained by externally transforming the Hermite-Gaussian (HG) mode output from a 
conventional source [17]. In these directly converting optical devices, a screw phase dislocation is 
introduced in the center of the beam which on propagation causes destructive interference leading to 
the characteristic doughnut shape intensity pattern. The mode converter is based on cylindrical lenses 
and converts HG modes of all orders to corresponding Laguerre Gaussian modes. The former researcher 
found that the HG mode at 45 can be decomposed into a set of HG modes and that this same set of HG 
modes, when rephrased, can combine to form a certain Laguerre Gaussian mode. They recognized that 
a specific design of cylindrical lens telescope would transform between HG and Laguerre Gaussian 
modes. Unlike the SPP or hologram, this mode converter can produce pure Laguerre Gaussian modes 
theoretically [17]. Except generating method of using some optical device, HG mode combination is 
only way.  
 
2.2 High power Laguerre Gaussian beam detection 
 
In high power environment, phase detection for high power beam is impossible in normal way. In this 
section, several phase detection method of high power LG beam will be introduced. 
 
2.2.1 Reference beam 
 
Technically, it is difficult to detect the phase of high power beam directly. To recognize the singularity 
mode patterns, the coherent plane wave should be generated. In the system of an interferometer, the 
beam and reference beam is simply recombined. As a result of the interference patterns, we can infer 
the beam of phase. A reference wave is usually used as a plane wave and spherical wave, and both 
reference beam and unknown beam are combined in a Michelson, Mach-Zehnder, or other 
interferometer systems [18]. The interference patterns which observed between the LG beam and a 
spherical wave indicates a characteristic vortex shape and corresponds well with that theory.  
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2.2.2 Young’s double slit experiment 
 
Although a reference beam can help to detect topological charge of an unknown beam, the investigation 
is needed to set complicated optical system and device [19]. From the requiring of the optical device is 
connected issue of expense. On the other hand, Young’s double slit experiment is only needed a double 
slit. Also, the fabrication is not difficult so it doesn’t need much time. OAM beam has helical phase 
front. It varies from 0 to 2π as one makes one complete turns around the direction propagation [20-
21]. Typically, in natural young’s double slit experiment a lot of straight lines exists. However, if the 
input beam is LG beam, there are a phase difference between upper side and bottom side. By increasing 
the topological charge, the range of phase difference will be increased. The schematic picture of the 
phase difference is indicated in Fig. 2-3. When a plane wave passes through two slit holes, there is no 
relative phase difference across a wave-front of the beam. However, the fringe is not a straight line in 
case of that the input wave is not a plane wave. As you can see Fig. 2-3 is shows that the phase along 
the left slit 𝜙2(𝑦) and the phase along the right slit 𝜙1(𝑦) . These the phase on two slits when a 
topological charge is equal to 0,1, and -1.  
 
 δϕ(y) = 𝜙2(𝑦) − 𝜙1(𝑦) = −𝑙𝜋 − 2𝑙 ⋅ arctan
2𝑦
𝑎
 (16) 
 
where 𝑎 is the space of two slit arrays. One can see that the phase difference changes from 0 to −2𝑙𝜋 
with −𝑙𝜋 at the center. The fringes in the far field are spaced equally along the y-axis of the slits.  
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Figure 2-3: Phase differences at holes when the input beam is (a) positive topological charge one, (b) 
negative topological charge one, and (c) topological charge zero 
 
Thus, it can be inferred that the center position on the screen is bright when the topological charge is 
even and it can be dark when the topological charge is odd. According to the optical path difference 
theory, the intensity distribution of interference pattern between the two slit arrays of an OAM beam is 
given by 
 
 I(x, y) = A(
𝜋𝑎𝑥
𝜆𝑑
+
δϕ(y)
2
) (17) 
 
From the equation, we can be derived that the space of between interference is  
 
 Δx =
λd
𝑎
 (18) 
 
From the two equations, another equation can be derived 
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 angle
(y) = y ×
a
𝑑𝜆 ⋅ arctan
2𝑦
𝑎
 (19) 
 
from this equation, we can derive the topological charge of unknown LG beam. Young’s double 
experiment result shows that intuitively gives the number of topological charges. 
 
2.2.3 Phase retrieval method 
 
The phase retrieval is simply reconstructing a signal or the phase from the magnitude of its Fourier 
transform. Until now, Gerchberg-Saxton, Fienup algorithms are developed. These algorithms are 
basically repeated infinity number of Fourier transform and inverse transform so give limitation of 
spatial coordinate and then find the best solution. A particularly successful approach to solving these 
phase reconstruction problems is the Gerchberg-Saxton algorithm and related algorithms [22-25]. These 
algorithms are involved in iterative Fourier transformation back and forth between planes. 
 
 F(u) = ∑ 𝑓(𝑥) exp(−𝑖2𝜋𝑢 ⋅
𝑥
𝑁
𝑁−1
𝑥=0
) (20) 
 
This discrete Fourier transform and its inverse is  
 
 f(x) = N−2 ∑ 𝐹(𝑢) exp(−𝑖2𝜋𝑢 ⋅
𝑥
𝑁
)
𝑁−1
𝑢=0
 (21) 
 
these two most important equations are computed using the fast Fourier transform method. The 
Gerchberg-Saxton algorithm is basic method of phase retrieval and the algorithm is mainly composed 
of four simple steps: 
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Figure 2-4: Gerchbmerg-Saxton algorithm 1 iteration (u1 and u2 are measured intensities, ℑ is fast 
Fourier transform) 
 
Another type of phase retrieval method is a transport intensity equation method. The method solves the 
wave equation of real part and it acts as an elliptic partial differential equation. The main difficulty of 
the equation method is that its boundary behavior because the value of phase at the boundary is difficult 
to measure [26]. In transport intensity equation method, a proper phase solution must satisfy the other 
part of the wave equation. Furthermore, an accurate estimate of the intensity derivative along the 
direction of propagation needs closely phase determination through amplitude measurements. It is one 
of the most reliable ways of retrieving the phase and has been reported earlier many times. 
 
2.2.4 Aperture Shape 
 
The identification of high power helical beams is unusual. Therefore, an alternative way which Analysis 
of far-field patterns from the interference of beam is usual method. Among these analyzing interference 
patterns method, one of the ways of identifying process is using particular shape apertures [27-29]. The 
basic idea is observing the Fraunhofer diffraction pattern of a diffracted beam with OAM by a triangular 
aperture or square aperture. The certain aperture with the phase singularity is aligned on the center of 
these objects. The size of these kinds of optical lattice depends on the amount of OAM. It could be 
determined by counting the number of intensity. The far field pattern distribution is obtained from the 
function by solving Fourier transform of the product. When the incident beam is a plane wave, the 
integral usually can be calculated. The Fraunhofer diffraction pattern is a useful tool in the far field 
region of a beam carrying OAM by a special aperture. We are interested in relative intensities at a fixed 
plane at 𝑧 = 𝑧0, the diffracted field 𝐸𝑑 is given by the integral 
𝑈1′(𝑥, 𝑦)
= 𝑢1𝑒
𝑖∅(𝑟𝑎𝑛𝑑𝑜𝑚 𝑝ℎ𝑎𝑠𝑒) 
𝑈1(𝑥, 𝑦)
= ℑ−1ሼℑሼ𝑈2(𝑥, 𝑦)ℎ(𝑥, 𝑦)ሽ 
𝑈2′(𝑥, 𝑦)
= ℑ−1ሼℑሼ𝑈1′(𝑥, 𝑦)ℎ(𝑥, 𝑦)ሽ 
𝑈2(𝑥, 𝑦) = 𝑢2𝑒
𝑖∅(𝑝ℎ𝑎𝑠𝑒.𝑈2′) 
Forward  
Backward 
Replace 
Phase 
Replace 
Phase 
17 
 
 
 𝐸𝑑(𝑘⊥) = ∫𝜏 (𝑟⊥)𝐸𝑖(𝑟⊥)𝑒
−𝑖𝑘⊥⋅𝑟⊥d𝑟⊥ (22) 
 
where 𝑟⊥ and 𝑘⊥ are describing an aperture and transverse wave vector respectfully. The equation 
can be numerically evaluated by using high order LG beams as the initial condition for the electric 
field. The patterns of the far-field diffraction intensity distribution of a vortex beam are diffracted by 
one of the apertures and then interference pattern display a lattice array. Lattice arrays become bigger 
and the number of spots also become more increased by increasing the topological charge. As a result, 
the topological charge of LG beam can be recognized by observing that the number of spots. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
18 
 
Chapter 3 
 
Experimental Method & Materials 
 
3.1 Spiral Phase Plate Design and experiment 
 
Compare with hologram method, the SPP can give a high power LG beam without highly energy loss. 
Furthermore, SPP structure is easy to fabricate within cheap cost. However, the only worse thing is that 
the SPPs are not pure mode converters which produce a superposition of LG modes. The step height of 
the SPP is defined by surrounding conditions which are the total phase delay, wavelength, number of 
topological charges, and index of material. In our case, the Gyrotron can generate 95GHz and KW 
power. The step height is defined by equation  
 
 
λl
(𝑛 − 𝑛0)
 (23) 
 
where λ, 𝑛, and 𝑛0 are wavelength and refractive indexes in material and vacuum, respectively. The 
detail information of fabricated SPPs are shown in Table 3-1. 
 
 l = ±1 l = ±2 
Each step’s height (mm) 0.47 0.94 
Diameter (mm) 60 80 
Ground height (mm) 3.15 1 
Material Teflon Teflon 
Number of steps 16 16 
Total height difference (mm) 7.03 14.05 
Table 3-1: detail specification of SPPs 
 
The reason of diameter difference is for safety because the SPP for generation of the topological charge 
two beam has longer total height than topological charge one case. All the SPPs are fabricated by 5-axis 
fabrication machine. The fabricated SPP is illustrated in Fig. 3-1. 
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Figure 3-1: Fabricated SPP 
 
3.1.1 Low power experiment 
 
CST simulation is conducted in advance of low power experiment. The intensity patterns clearly show 
doughnut shapes and the phase of the beam also gives spiral lines which are same as our expectation 
according to the topological charge. A Vector Network Analyzer (VNA) can generate a W-band 
Gaussian-like beam when using a corrugated feed horn. We choose VNA as a source in low power 
experiment. There is an example of CST simulation image of electric field line is exhibited in Fig. 3-2. 
 
 
Figure 3-2: Electric field component analysis in CST simulation 
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In CST simulation, there is a Gaussian beam generation macro so we easily generated wanted Gaussian 
beam. Also, other surrounding environments are established in same low power experiment. Simulation 
of LG beams which have topological charge one and two are conducted and the specification of SPPs 
are same as Table 3-1. The results of CST simulation are exported and plotted in MATLAB program. 
The positions of observation plane are placed at 40mm and 51.3mm from SPP and both planes are 
measured to figure out the effect of distance. The plane size is 60×60 𝑚𝑚2 and resolution is 0.59mm. 
The CST result of LG beams which are topological charge one and two are illustrated in Fig. 3-3 and 
Fig. 3-4 respectively. 
 
 
Figure 3-3: Obtained LG intensity results at (a) 40mm, (b) 51.3mm from SPP in CST simulation and 
beam Phase at (c) 40mm, (d) 51.3mm with topological charge 1 
 
The generated LG beam is clearly shown doughnut shape intensity and the phase of LG beam gives a 
spiral line. It is relatively measured in near field so the beam power is focused on one point. However, 
the whole image is clearly doughnut shape. Therefore, these results suggest that this SPP generates LG 
beam which has topological charge one successfully in CST simulation environment.   
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Figure 3-4: LG beam intensity plot at (a) 40mm, (b) 51.3mm from SPP in CST simulation and beam 
Phase at (c) 40mm, (d) 51.3mm with topological charge 2 
 
In Fig. 3-4, the numbers of spiral lines are two because the LG beam has topological charge two. Also, 
we observed the diameter of LG beam is a little bit increased rather a topological charge one beam. The 
reason of increase is OAM rotating speed become a faster than topological charge one. Overall in CST 
simulation, the spiral lines show that the generated beam is obviously LG beam. According to the 
topological charge, the number of spiral lines is determined. Although the phase front gives perfect 
spiral lines, the electric field is not a perfect doughnut shape. The reason of these imperfect doughnut 
shape could be from the form of designed SPPs which are consist of steps not the smooth surface. 
However, this is unavoidable fabrication problem and efficiency is not much different. In CST 
simulation, LG beams which are topological charge one and two are generated. 
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In low power experiment, we focus on LG beam generation in the actual experiment environment and 
check the beam intensity and phase. The schematic picture of low power experiment is described at Fig. 
3-5. All of the environment is set like a CST simulation. The VNA extender generates a Gaussian like 
beam and the mirror change the beam path to detector direction and control the beam radius size. The 
Gaussian beam reflected from a designed mirror and then passed through an SPP which is placed at a 
focal point. After passing through the SPP, the Gaussian beam is transferred to LG beam which 
azimuthal index is determined by SPPs. A receiver detects the electric field intensity of the generated 
LG beam. The observation plane size is 60×60 𝑚𝑚2 and resolution is 0.48mm. One remarkable point 
is the alignment of this experiment is act critically.   
 
Figure 3-5: Schematic picture of low power experiment 
 
The generation of LG beams is successfully conducted in low power condition. The measured intensity 
patterns have a similar shape to CST simulation. The beam patterns are measured in near field so it has 
a strong intensity position. This strong intensity position is clearly matched to the result of the 
simulation. Besides, the phase patterns have the same result like intensity. The result of intensity and 
phase patterns of low power experiment case topological charge one and two are illustrated in Fig. 3-6 
and 3-7 respectively.  
SPP 
Mirror SPP irror 
VNA extender 
Pick up antenna 
Horn antenna 
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Figure 3-6: Measured electric field of LG beam at (a) 40mm, (b) 51.3mm from SPP in low power 
experiment and Phase at (c) 40mm, (d) 51.3mm with topological charge 1 
 
In the low experiment, a Gaussian beam is emitted from an VNA extender and the beam has horizon-
tal polarization on the contrary to CST simulation so the direction of SPP needs to rotated 90 degrees. 
Also, the SPP for generation of topological charge two LG beam is rotated 90 degrees much. The Fig. 
3-6 indicate that the generated beam has topological charge one.   
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Figure 3-7: Measured electric field of LG beam at (a) 40mm, (b) 51.3mm from SPP in low power 
experiment and Phase at (c) 40mm, (d) 51.3mm with topological charge 2 
 
Especially, the intensity of topological charge 2 LG beam is not perfectly matched to CST simulation 
case but the strong intensity position and the phase patterns are almost same. On the other hand, the 
phase patterns of the LG beam are same as CST simulation. These unmatched intensities could be from 
the SPP fabrication problem because the SPP for topological charge two generation is not fabricated in 
a range of 1mm. In our study, our aim beam is 95GHz beam and wavelength of the beam is 3.15mm. 
Therefore, the shape of fabricated SPP affect the shape of LG beam but it could be not critical with a 
95GHz beam.  
Overall, the intensity patterns in low power case exhibited in Fig. 3-6, 3-7 are similar to the simulation 
result 3-3, 3-4. The result of the figure shows clearly that the vortex lines are matched to the number of 
topological charge both simulation and experiment.  
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3.1.2 High power experiment 
 
All of the high power experiment processes are same as low power experiment but Gaussian beam 
generator is changed VNA extender to Gyrotron. Also, the generated Gaussian beam contains tons of 
KW energy so the observation planes have to move farther than low power experiment. We cover all 
surround environment by observers for blocking reflections. The Fig. 3-8 represent the whole picture 
of high power experiment. The generated high power Gaussian beam is reflected by designed mirror 
and then at the focal point, the SPP is placed. The SPP makes the Gaussian transform to LG beam which 
is topological charge one or two. Finally, at the detected position, the generated high power LG beams 
are observed by the detector.  
Figure 3-8: Schematic picture of high power experiment 
 
The dimension of the scanning planes was 120× 120 𝑚𝑚2. In order to measure the intensity, we set 
the resolution, 3mm, which means a total number of sampling points is 1600 and the positions of 
observation plane are placed at 70mm, 90mm from SPP respectively. In advance conducting a high 
power experiment, CST simulation was conducted in the same condition. The getting data and CST 
simulation results are plotted in MATLAB and the results of the plot are illustrated in Fig. 3-9 and 3-
10.   
 
Mirror 
Spiral phase plate 
detector 
Gyrotron 
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Figure 3-9: Intensity patterns of LG beam which are topological charge 1 in CST simulation at (a) 
70mm and (c) 90mm from SPP. Resolution of measurement is 0.6mm. Intensity patterns of LG beam 
which are topological charge 1 in high power experiment at (b) 70mm and (d) 90mm from SPP 
(Resolution of measurement is 3mm) 
 
In the intensity of Fig. 3-9, the phase information is unknown but the center is empty. Also, the intensity 
patterns from high power experiment are similar to the CST simulation. We can infer that the LG beam 
is successfully generated.   
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Figure 3-10: Intensity patterns of LG beam which are topological charge 2 in CST simulation at (a) 
70mm and (c) 90mm from SPP. Resolution of measurement is 0.6mm. Intensity patterns of LG beam 
which are topological charge 2 in high power experiment at (b) 70mm and (d) 90mm from SPP 
(Resolution of measurement is 3mm) 
 
The generated LG beam, which has topological charge, the plot also displays doughnut shape intensity. 
In addition, the empty hole is bigger than topological charge one beam result. From these two results, 
we can infer that the second result has higher topological charge than the first result. However, the exact 
phase of beam detection is impossible in high power condition. The high power phase detection will be 
deal with next double slit experiment section. 
Overall, the intensity patterns in high power case shown in Fig. 3-9, 3-10. These figures clearly show 
the characteristics of LG beam. The direct phase measurement is not conducted but from intensity 
information the LG beam which topological charge one and two are successfully generated in a high 
power system.  
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3.2 Phase detection Young’s Double slit experiment 
 
3.2.1 Low power double slit experiment 
 
One of the features of LG beam is a helical phase front and characteristic of OAM. The helical phase 
lines are increased by increasing the azimuthal index so the number of topological charges is 
distinguishable by counting the spiral line. However, the direct phase front measurement is impossible 
in the high power condition because of limitation of device and technology. Instead of the direct 
measurement, most of the phase measurement are conducted by the analysis of interference patterns. 
The double slit experiment is also based on the interference patterns analysis. The phase difference 
between the top and the bottom of the slits is close to π, which makes constructive interference on the 
bright fringe or dark fringe. This feature allows identifying the number of topological charges. Figures 
show interference patterns which are calculated theoretically for l = −1,0,+1,+2 in MATLAB plot. 
 
 
Figure 3-11: Theoretical interference patterns from the double slit in -15 to 0 dB scale MATLAB. (a) 
topological charge, l = 0,(b) topological charge, l = +2, (c) topological charge, l = +1, (d) 
topological charge, l = −1 
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Our aim is identifying the number of topological charge ± 1 or 2 in high power condition. The 
simulation of double slit experiment is conducted in CST MW studio. The beam radius of a focal point 
is 6mm which is close to a high power Gaussian beam from Gyrotron and observation plane is set at 
40mm from the slit. Schematic diagram of the experiment is described in Fig. 3-12.  
 
 
Figure 3-12: Schematic diagram of experiment 
 
CST simulation has Gaussian beam macro function which easily generate a pure Gaussian beam. In 
addition, the macro can set the beam radius, focal point, and detail information of Gaussian beam. SPP 
is placed at 1mm after the Gaussian beam and then a double slit is placed at 40mm from SPP. The 
exported data is plotted by MATLAB program and the Electric field intensity plot is shown in Fig 3-13. 
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Figure 3-13: Interference patterns from CST simulation (a) topological charge, l = 0,(b) topological 
charge, l = +2, (c) topological charge, l = +1, (d) topological charge, l = −1 
 
As you can see, when input beam is Gaussian beam, there is no tilted interference pattern. However, 
when the beam has topological l, there is a phase difference between up and bottom side of the beam 
so the interference patterns give tilted intensity after passing through the double slit. These interference 
patterns are possible to identify the LG beam’s topological charge by observing the tilting direction and 
angle. The detail of equation is below 
 
 Angle(y) = y ×
a
𝑑 × 𝜆 × arctan (2 ×
𝑦
𝑎)
 (24) 
 
The LG beam has OAM so by increased topological charge, the diameter of doughnut shape is supposed 
to be increased. Therefore, the double slit cannot use all of LG beam for identifying the topological 
charge and some part of LG beam is distinguishable in one double slit. We focus on a high power LG 
beam in azimuthal number one and two so the double slit also optimized at topological charge one and 
two. Based on this optimization, the double slit size is defined. All the detail information of double slit 
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is summarized in Table 3-2. 
  
Table 3-2: Specification of the double slit for topological charge 1 and 2 in a 95GHz High power 
Gaussian beam 
 
To acquire a better result, the flat hole surface is essential so we fabricate the double slit using a Nano 
CNC machine which can make flat surface the error rate is in the range of Nano scale. The actual double 
slit picture is illustrated in Fig. 3-14.  
 
 
Figure 3-14: Fabricated double slit 
 
Fig. 3-15 is an experimental setup for measuring interference patterns of low power LG beam when the 
beam passing through the double slit. We used a xyz scanning device for observing interference patterns. 
The extender generates a Gaussian like beam which is converted to LG beam by SPP. The distance 
between SPP and the fabricated double slit is 30mm. Alignment issue is critical in this experiment. 
 
 Double slit 
Hole distance (mm) 6 
Single hole size xyz (mm) 0.6×30×0.8 
Material Aluminum 
Double slit size xyz (mm) 50×50×0.8 
Fabrication method Nano CNC machine 
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Figure 3-15: schematic picture of double slit experiment in low power condition 
 
The double slit is an aluminum plate so there is much diffraction occurs around the slit. In order to 
prevent diffraction, absorbers should be attached in front of the slit. The observation plane size is 60×
60 𝑚𝑚2 with a resolution of 0.6 mm. The measurement result is shown in Fig. 3-16.   
 
Spiral phase plate 
 & double slit  
VNA extender 
Horn antenna 
Mirror 
Pick up antenna 
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Figure 3-16: (a) An electric field plot which is Gaussian beam after passing through the double slit. 
When (b) LG beam with topological charge +2, (c) topological charge +1, and (d) topological charge  
-1 
 
The result of double slit experiment shows same patterns as CST simulation. The given result has much 
diffraction because the double slit is an aluminum plate. As you can see, from the tilting degree we can 
infer the topological charge indirectly. However, LG beam of topological charge two is not clear because 
the center intensity is much weak. Consequently, the topological charge is not clearly identifying. 
However, if imagine that a virtual connection line exists, the beam of topological charge could be 
recognizable by comparing the tilting amount with topological charge one. Therefore, the topological 
charge of LG beam is identified by double slit experiment.  
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3.2.2 High power double slit experiment 
 
The twisted beam is generated by transformation of a high power Gaussian beam which from 95GHz 
Gyrotron to LG beam. The beam is passing through a fabricated SPP, and the beam is transferred to LG 
beam and the vortex is determined by retardation of SPPs. The setup of high power LG beam experiment 
is illustrated in Fig. 3-17.  
 
Figure 3-17: Schematic picture of high power experiment 
 
The process of experiment is not much different with low power experiment. However, the Gyrotron is 
not a stable machine so the condition of beam should be check during the measurement. The interference 
pattern measurement methods are same as the LG beam generation with SPP in high power experiment 
except for observation plane size. The plane size is 80× 80 𝑚𝑚2 which is 900 samples because 
scanning process of bigger observation plane takes lots of time. The resolution of observation plane is 
3mm same as SPP experiment. The plots of interference from the double slit experiment are shown in 
Fig. 3-18. 
Mirror 
Double slit & 
 Spiral phase plate detector 
Focal point 
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Figure 3-18: Interference patterns from double slit experiment with (a) topological charge is 0, (b) 
topological charge is +1, (c) topological charge is -1, and (d) topological charge is +2 
 
In accordance with the topological charge of a beam, the interference patterns give different intensity 
shape in high power experiment. When the input beam is a Gaussian beam, the interference patterns is 
a straight line. On the other hands, when the beam has non-zero topological charges, the interference 
pattern shape is tilted lines. In power experiment, especially when the beam has topological charge two, 
the interference is disconnected shape at the center of the plot like low power experiment. This 
phenomenon could be from the imperfect LG beam shape and alignment problem but connected line 
would have indicated that the beam is topological charge two LG beam. In order to identify the 
topological charge of beam more precisely, the tilted angle of interference patterns in regard to the 
topological charge graph is displayed in Fig. 3- 19. 
 
 
 
 
 
36 
 
 
 
 
Figure 3-19: The graph of angle VS. topological charge in double slit experiment 
 
As you can see, the tilted angle of the interference pattern is decreased by increased topological charge 
and the calculated value of the angle is shown in Table 3-3. 
 
 l = 0 l = 1 l = 2 
Theoretical (θ) 90 62.26 43.55 
CST simulation (θ) 90 57.49 4438 
Experiment (θ) 90 58.38 45.27 
Table 3-3: Topological charge calculation comparison table 
 
Overall, the interference patterns in high power double slit experiment are illustrated in Fig. 3-18. The 
figure shows a possibility of indirect phase measurement in high power condition. In our analysis, a 
topological charge of Low order LG beam is identified by double slit experiment. We successfully 
identified the topological charge of LG beam by using double slit experiment method. For high order 
LG beam phase identification, a new form of optical device or method should be needed. 
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Chapter 4 
 
Summary & Conclusion 
 
In this thesis, we proposed a theoretical and experimental study on generation and detection of a high 
power Laguerre Gaussian beam. We demonstrated several experimental methods for Laguerre Gaussian 
modes from a Gaussian mode and interpreted the generated LG modes from the interference patterns 
and another method. The purpose of this study is to understand characteristics of LG beam in high 
power condition. Our wanted LG modes were generated by SPP structure in low and high power 
conditions and they were generated successfully. In addition, the generated LG modes were identified 
through Young’s double slit experiment in both conditions. 
 
Overall, the generated LG modes are imperfect doughnut shape unlike theoretical LG modes but the 
generated LG modes have spiral shape phase which is a characteristic of LG modes. In a case of LG 
beam has topological charge two value, the beam of phase has two spiral lines like a theory. Therefore, 
our SPP is successfully designed. In double slit experiment, LG beams which are topological charge 
one and two shows that tilted interference patterns after passing through the double slit. The tilted angles 
imply topological charge information.   
 
As future steps, we suggest to generate high order LG modes using one of the LG mode generation 
methods and identify created modes. Ultimately, using these LG modes manipulation techniques, the 
millimeter wave wireless communication technology could be developed. 
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